In schizophrenia, sleep spindles are reduced, supporting the hypothesis that the thalamus and glutamate receptors play a crucial etio-pathophysiological role, whose underlying mechanisms remain unknown. We hypothesized that a reduced function of NMDA receptors is involved in the psychosis-related spindle deficit.
LAY ABSTRACT
Schizophrenia is a chronic debilitating disease. Sleep disturbances associated with a reduction in spindles are observed as warning signs prior to the first psychotic episode. Every spindle is a short-lasting (~0.5 s) set of bioelectric sinusoidal waves at the frequency of 10-16 Hz generated within the thalamus. Sleep spindles, easily identifiable in a scalp electroencephalogram, occur hundreds of times during sleep and are implicated in cognition like memory processes. For this reason, spindles are seen as an electrobiomarker of the quality of sleep and cognitive performance. In patients at high risk of psychotic transition, the density (number/time unit) of spindles is reduced. The underlying mechanisms of this change are unknown. Glutamate-mediated neurotransmission in the thalamus plays a key role in the generation of spindles and the etiology of schizophrenia. Therefore, we tested the hypothesis that a reduced function of glutamate receptors at the thalamic level is involved in the psychosis-related reduction in spindles. Using cell-to-network neurophysiological methods in sleeping rats, we demonstrate that systemic administration of the NMDA glutamate receptor antagonist, ketamine, significantly decreases spindle density. This effect is consistently prevented by the widely used antipsychotic drug, clozapine. These original findings support the hypothesis of the involvement of a reduced function of NMDA glutamate receptors in the sleep spindle deficit observed in psychosis-related disorders. The present findings lay the foundation for the development of innovative therapies aimed at preventing psychotic, bipolar, and depressive disorders.
HIGHLIGHTS:
• Low-dose ketamine has a fast onset arousal promoting effect.
• Ketamine fleetingly reduces, in the first-/higher-order thalamocortical systems, sleep spindles and slow-waves, and amplifies gamma-and higher-frequency oscillations.
• Ketamine switches the firing pattern from a burst mode to a single action potential mode in both the glutamatergic thalamocortical neurons and the GABAergic thalamic reticular nucleus neurons.
• Ketamine strengthens the gamma-frequency band connectivity between thalamocortical and thalamic reticular nucleus neurons.
• The reference antipsychotic clozapine consistently prevents the ketamine effects.
INTRODUCTION
Sleep abnormalities are detected not only during the early course of complex mental health diseases, such as schizophrenia (1-3) but also in individuals having a high-risk mental state for developing a transition to psychotic and bipolar disorders (4) . Cortical EEG studies conducted in such patients have revealed a reduction in sleep spindles (5) (6) (7) (8) (9) and slow-wave activity (10) . The underlying neural mechanisms are unknown. Sleep spindles have a thalamic origin with the GABAergic thalamic reticular nucleus (TRN) being a leading structure in their generation by exerting a powerful rhythmic inhibitory modulation of thalamocortical (TC) activities (11) (12) (13) . The TRN is innervated by two major glutamatergic inputs, TC and layer VI corticothalamic (CT) axon collaterals, which mediate most of their excitatory effects through the activation of glutamate receptors (14) (15) (16) . Importantly, layer VI CT axons innervate simultaneously TC and TRN neurons (17) . The first-order TC systems are the specific, sensory and motor circuits, which receive cortical inputs only from layer VI CT neurons. The higher-order TC systems are the non-specific, associative/limbic/cognitive circuits, which receive cortical inputs from both layer V and layer VI CT neurons (18) . In contrast to layer VI CT neurons, layer V CT neurons do not innervate the TRN. Of importance, the 3-neuron layer VI CT-TRN-TC circuit is robustly involved in the generation of sleep spindles (19, 20) . There is accumulating evidence that dysfunction of thalamus-related systems is a core pathophysiological hallmark for psychosis-related disorders (21) (22) (23) (24) (25) . NMDA receptors are also essential in the generation of thalamic spindles (26, 27) , and a reduced function of these receptors is thought to play a critical role in the etio-pathophysiology of schizophrenia (28) (29) (30) (31) . Furthermore, the NMDA receptor antagonist ketamine models a transition to a psychosis-relevant state in both healthy humans (32) (33) (34) (35) and
rodents (36) (37) (38) (39) . Therefore, we hypothesized that a reduced function of NMDA receptors is implicated in the reduction of the density of sleep spindles recorded in patients having or about to have psychotic disorders. In an attempt to test this hypothesis, we investigated the effects of a low dose of ketamine on spindle oscillations recorded in first-and higher-order TC systems in the lightly anesthetized rat. 
METHODS AND MATERIALS

Animals and drugs
Surgery under general anesthesia
Deep general anesthesia was initiated with an intraperitoneal injection of pentobarbital (60 mg/kg). An additional dose (10-15 mg/kg) of pentobarbital was administered when necessary. Analgesia was achieved with a subcutaneous injection of fentanyl (10 µg/kg) every 30 minutes. The anesthesia depth was continuously monitored using an electrocardiogram, watching the rhythm and breathing, and measuring the withdrawal reflex. The rectal temperature was maintained at 36.5 °C (peroperative and protective hypothermia) using a thermoregulated pad. The trachea was cannulated and connected to a ventilator (50% air-50% O2, 60 breaths/min). The anesthesia lasted about 2 hours, the time necessary to perform the stereotaxic implantation of the electrodes (40) . 
Cortical EEG recordings under analgesic pentobarbital-induced sedation
Thalamic cell-to-network recordings under analgesic pentobarbital-induced sedation
The recording-labeling glass micropipettes were filled with a saline solution (potassium acetate, 0.5 M) and a neuronal tracer (Neurobiotin, 1.5%). Three series of experiments were performed: 1) The first (16 rats) was designed to perform, along with the cortical EEG, extracellular (field potential and single/multiunit) recordings in first-and higher-order thalamic nuclei. The regions of interest were stereotaxically (41) located behind the bregma (2.3 to 3.6 mm posterior). 2) In the second series (8 rats), paired juxtacellular TC and TRN recordings were performed in the somatosensory system. The diameter of the micropipette tip was about 1 µm (15-30 MOhms) (42) .
3) The third (11 rats) was designed to record intracellularly TC neurons. The diameter of the micropipette tip was inferior to 1 µm (30-70 MOhms). The extracellular and juxtacellular signals (0.1-6000 Hz), and the intracellular signal (0-6000 Hz) were acquired using a low-noise differential amplifier (DPA-2FL, npi electronic, GmbH) and an intracellular recording amplifier (NeuroData IR-283; Cygnus Technology Inc.), respectively. All signals were sampled at 20 kHz 16-bit (Digidata 1440A with pCLAMP10 Software, Molecular Devices). At the end of the recording session, the target neurons were individually labeled with Neurobiotin using the extra-or juxtacellular nanoiontophoresis technique (42) to identify formally both the recording site and the structure of the recorded neurons (Fig1B). Then the animal was humanely killed with an intravenous overdose of pentobarbital, transcardially perfused with a fixative containing 4% paraformaldehyde in 10 mM phosphate buffer saline, and the brain tissue was processed using standard histological techniques for anatomical documentation.
Data analysis
Analysis software packages Clampfit v10 (Molecular Devices) and SciWorks v10 (Datawave Technologies) were used. Spectral analysis of EEG and network oscillations was performed with fast shown. The corticothalamic (CT) and thalamocortical (TC) neurons are glutamatergic while the TRN neuron is GABAergic. The cortical inputs of the first-order thalamic nuclei (like the ventral posterior, VP (somatosensory), and the ventral lateral, VL (motor)) originate from layer VI whereas the cortical inputs of the higher-order thalamic nuclei (like the posterior group, Po, or intralaminar/midline nuclei) originate from layers V and VI. In contrast to the layer V CT neurons, the layer VI CT neurons do innervate the TRN. The intrathalamic innervation pattern of layer VI CT neurons is regional whereas that of the layer V CT neurons, these latter CT neurons targeting only high-order thalamic nuclei, is more punctual. The layer V CT axon, which does not innervate the TRN, is a branch of the corticofugal main axon that targets the lower motor centers (brainstem and spinal cord). (A2) Design timeline illustrating the principal steps of the experiment. The color code of the brain state is dark gray for anesthesia, light gray for sedation and dark for death. (B) The left microphotograph shows, at low-magnification, the track left by the electrode and the extracellular labeling of the neurons located at and close to the recording site (here in the VL); the middle microphotograph shows, at higher-magnification, the recording site in the thalamic medial dorsal nucleus (MD, indicated by the arrowhead) and the somatodendritic complex of a couple of MD neurons; the left microphotograph shows the recording site with a few neural elements labeled in the TRN . On the right is presented, into a coronal plane, a mapping of the recording sites (black dots) into the TRN and the dorsal thalamic nuclei. The coronal plane represents a block of brain of about 3.6 mm thick posterior to the bregma (from -2. 
RESULTS
Ketamine reduces thalamocortical spindles and delta-frequency oscillations
The arousal promoting effect of a single low-dose (2.5 mg/kg) of ketamine has been well documented in free-behaving rats (37, 38, 43) . Moreover, under the ketamine condition, not a single sleep episode was observed during the time dedicated to sleep (S1). To understand how ketamine could influence ongoing The spike sorting method may, however, not be precise and reliable as the amplitude and shape of the APs might not be stationary over time (47) . Curiously, under the ketamine condition, the mean firing frequency of TC neurons (<30 Hz) was lower than the network gamma-frequency oscillations (frequency at maximal power: 33.6±1.1 Hz, n=7), raising the question whether or not TC single APs were related to the juxta-and extracellular gamma oscillations.
In an attempt to address this question, firstly we looked at the raw juxtacellular recordings, in which we notice that TC neurons did not emit an AP at every wave of the gamma oscillations (Fig4B1), suggesting that the juxtacellular field potential variations reflected more membrane potential oscillations than APs.
Secondly, a substantial number of single APs was phase-related to both the juxtacellular and the extracellular (100 µm apart) gamma waves (FigS8, Fig4B2) . However, the temporal link was stronger with the juxtacellular (cellular activity) than the extracellular (nearby network activity) wave. In contrast to layerorganized cortical structures, the weak relation between the juxtacellular APs and the extracellular gamma waves seen in the somatosensory thalamus might have been due to an anarchic overlap of the current sinks and sources generated by the neural activities. On the other hand, there was no apparent relation between the TC firing and the cortical gamma waves (Fig4B2) , which is not surprising as the EEG integrates the activities of interweaved large-scale networks. Direct interaction strength between two different sites is given by a partial correlation coefficient written (bold font) next to the edge connecting these sites. The plots presented next to these edges are cross-correlograms of 400ms-epochs from signals recorded at the corresponding sites and filtered in the gamma-range . Under control condition, the strength of gamma interactions between TRN and TC sites was more than twice higher than for CT-TRN and CT-TC interactions, which was also reflected by a high peak in the TRN-TC cross-correlogram. When ketamine was applied, the strength of TRN-TC gamma interactions was significantly increased (paired t-test, p<0.001), resulting in a higher partial correlation coefficient and a higher peak in the average cross-correlogram. Although after ketamine application, correlations between CT and TRN and between CT and TC were higher in the cross-correlograms, the strength of CT-TRN and CT-TC interactions given by partial correlation coefficients did not change significantly (paired t-test, p>0.4). The plot on the right shows distributions of partial correlation coefficients П for CTTRN, CTTC and TRNTC gamma interactions in all experiments (N=11) under both control (black) and ketamine (red) conditions. (*) indicates significant difference revealed with a paired t-test with p<0.001; ns, non-significant.
Clozapine prevents the ketamine effects
Clozapine is one of the most effective antipsychotic drugs against treatment-resistant schizophrenia (48) . Its clinical effects are thought to be related to interactions with a variety of receptors, including the glutamatergic receptors and more specifically NMDA receptors via the glycine site (49) (50) (51) . Also, clozapine is well-known to modulate sleep spindles (52) , possibly due to the activation of GABAergic TRN neurons via a specific action on D4 dopamine receptors (53) , which would exert a tonic influence on the TRN activity (54) . Therefore, it was interesting to probe whether a single systemic administration of clozapine could prevent the ketamine effects on TC oscillations. To address this issue, clozapine was subcutaneously administered at a dose (5 mg/kg) that durably decreases the power of spontaneouslyoccurring cortical gamma oscillations in the naturally-behaving rat (55) 20 or 120 minutes before the ketamine challenges. In all rats (n=7), clozapine consistently prevented the ketamine peak (at ~15-20 min) effect on spindles, delta-and gamma-/higher-frequency oscillations (FigS10 and Fig7) . When administered alone, clozapine significantly increased the power of delta oscillations (Fig7). 
DISCUSSION
These novel results support the hypothesis of the involvement of a reduced function of NMDA receptors in the deficit in sleep spindles and delta oscillations observed in psychosis-related disorders. The translation of these findings to human diseased condition provides a strong foundation for the use of NMDA-related medications against various forms of psychoses.
The arousal promoting effect of low-dose ketamine
In free-behaving rats, ketamine dose-dependently increased the level of wakefulness associated with a psychosis-relevant behavior (37, 38) , which delayed the sleep onset latency (43) . Clinical investigation showed that patients with psychosis have difficulties initiating sleep (56) . Abnormal levels of arousal may be a predictor of psychotic disorders (57, 58) . Here, it is further shown that, in the sedated rat, ketamine elicited a fleeting arousal reaction, at least in the TC-TRN system, which is electrophysiologically reminiscent of REM sleep, a brain state considered as a natural model of psychosis (59) (60) (61) (62) (63) . Moreover, the NMDA receptor hypofunction-related increase in gamma-/higher-frequency oscillations observed in sedated rats is also recorded during the natural REM sleep (64) . So, we interpret the ketamine-induced desynchronized state as uncharacteristic REM sleep or a pathological persistent UP state (Fig8). During the ketamine-induced pathological UP state, expected to occur within diverse cortical and subcortical structures (38) , cortical and thalamic neurons would be more depolarized than during the DOWN state to generate more threshold (for AP initiation) and supra-threshold membrane potential oscillations (65) . In thalamic neurons, the burst mode is a reliable hallmark of sleep oscillations, every hfBurst occurring at the top of a low-threshold Ca ++ potential mediated by the activation of T-type channels, which are deinactivated via membrane hyperpolarization (<-60 mV) (66) . Both the synaptic interactions between TC and TRN neurons and the intrinsic pacemaker properties of TRN cells are well-known to play leading roles in the generation of thalamic spindles (11, 13) . Under the ketamine condition, the substantial increase in the single AP density suggests that the membrane potential of TC and TRN neurons was more often depolarized. This is supported first by the occurrence of gamma oscillations and single AP firing in our juxtacellular TC and TRN recordings and, second, by an increase in the gamma band TRN-TC connectivity. The single AP mode is usually recorded when T-type Ca ++ channels are inactivated via membrane depolarization (>-60 mV) (67) . Disruption of the Ca V3.3 Ca ++ channel, which encodes the lowthreshold T channels (68) , may be involved in the etio-pathophysiology of schizophrenia (69) .
Contribution of the corticothalamic pathway.
In the thalamus, ketamine would act principally on both the glutamatergic TC and the GABAergic TRN neurons. How did ketamine convert the firing from burst to the tonic mode in both TC and TRN neurons?
During sleep, sustained hyperpolarization would be the result of either excess inhibition or disfacilitation.
Under the ketamine condition, a likely effect would be a sustained excitation of these two types of neurons by common afferent input. In addition to the influence of neuromodulatory inputs (see below), the CT pathway seems an excellent candidate (70, 71) . Such a scenario would involve the disinhibition of CT neurons, leading them to sustained network gamma hyperactivity. Such CT hyperactivity can enhance thalamic gamma oscillations (14, 72) . This puts forward the hypothesis of greater sensitivity of cortical GABAergic neurons to NMDA receptor antagonists (73, 74) , which would be responsible for the disinhibition of CT neurons. If this scenario is true, the ketamine-induced hyperactivation of layer VI CT neurons could promote the gamma-frequency pacemaker properties of the GABAergic TRN cells (75, 76) .
NMDA receptors are more critical for the CT-mediated excitation of TRN than TC neurons (26) .
Furthermore, the long-lasting kinetics of NMDA receptors in the GABAergic TRN neurons are essential to promote rhythmic Ca ++ -mediated burst firing, which then cyclically hyperpolarizes the postsynaptic TC neurons through the activation of GABA receptors. Importantly, in TRN neurons, the NMDA-mediated effects of CT transmission can work across a wide range of voltages so as the voltage-dependent blockade by Mg ++ is incomplete and that NMDA receptors can be activated by synaptically released glutamate even in the absence of AMPA receptor-mediated activation (26) . Thus, because CT neurons outnumber by a factor of ~10 TC neurons (77) , the ketamine NMDA-mediated effects are expected to be stronger on TRN than on TC neurons in reducing burst activity, which, in fact, was indeed observed in the present study (Fig3B3,C3 ). The ketamine-induced increase in thalamic gamma power may have been due to a specific blockade of NMDA receptors involving specifically the NR2B subunit (64) , which is present in the TRN (78) . The NMDA receptor hypofunction-related spindle reduction and gamma increase in the TRN-TC system may help to understand the increased TC connectivity correlated with spindle deficits in schizophrenia (33) .
Contribution of the ascending reticular activating system and basal forebrain
The likely mechanisms underlying the effects of ketamine remain debatable as it acts in all brain structures and at many receptors (79) (80) (81) . The ketamine-induced acute arousal effect may involve, among many others, cholinergic, monoaminergic, and orexinergic arousal systems (43, 82, 83) . In the present study, the fact that a single low-dose of ketamine simultaneously affected, in an opposite manner, spindle-/delta-frequency and gamma-/higher-frequency TC oscillations is reminiscent of the seminal finding of Moruzzi and Magoun (84) . Indeed, these pioneering investigators demonstrated that electrical stimulation of the reticular formation, a complex set of interconnected circuits within the brainstem, evokes in the TC system a switch of the EEG pattern from a synchronized to a desynchronized state, an effect interpreted as an EEG arousal reaction. Thus, the present findings give further support to the hypothesis of a dysregulation of the ascending reticular activating system, which includes the pedunculopontine nucleus, the basal forebrain, and the thalamus, in the etio-pathophysiology of psychotic disorders (83, (85) (86) (87) . Also, in the observed ketamine effects, we should not exclude a contribution of the ascending GABAergic pathways (originating from the brainstem, midbrain, ventral tegmental area, zona incerta, basal ganglia, and from the basal forebrain), which play a critical role in promoting TC activation, arousal and REM sleep (88, 89) . In the present study, interestingly, physostigmine, known to promote REM sleep (90) figure 1 legend for detailed description of the circuit, which receives sensory (S), motor (M) and cognitive/associative (C) inputs. It is important to specify that the layer VI CT neurons outnumber by a factor of about 10 the TC neurons. The first-and higher-order thalamic nuclei are under the neuromodulatory influence of the various inputs from the ascending RSA and the basal forebrain (BF). (B, left) Physiological UP and DOWN states: During the non-REM sleep, the TC system displays principally a synchronized state, characterized by the occurrence of delta oscillations and spindles; the TRN cell exhibits mainly rhythmic (at the delta-, theta-and spindle-frequency bands) hfBursts of action potentials. The synchronized state includes two sub-states, UP and DOWN, which are usually associated with active and quiescent cellular firings, respectively. (B, right) Pathological persistent UP state: This ketamine-induced persistent UP state is assumed to be an abnormal REM sleep. After a single systemic administration of a subanesthetizing lowdose of ketamine, the TC system displays a more desynchronized state (peak effect at about +15-20 minutes) characterized by the prominent occurrence of lower voltage and faster activities (>16 Hz), which include beta-, gamma-and higher-frequency oscillations. Under the ketamine condition, both the TC and the TRN neurons exhibit a persistent irregular and tonic firing containing more single APs than hfBursts. ACh, acetylcholine; GLU, glutamate; 5HT, serotonin; DA, dopamine; NE, norepinephrine.
Conclusions and significance
The present preclinical investigation with its limitations (S11) demonstrates that the acute effects of ketamine result in fast onset arousal promoting effect, suggesting that it acts like a rapid-acting inducer of REM sleep-associated cognitive processes, which is reminiscent of its ability to induce hallucinatory and delusional symptoms (93) (94) (95) (96) (97) . Low-dose ketamine not only disturbs brain rhythms, but also disrupts attention-related sensorimotor and cognitive processes (34, 98, 99) , supporting the notion that schizophrenia is a cognitive disorder with psychosis as a subsequent consequence (100-102). The ketamine-induced changes in rodent EEG oscillations are reminiscent of those observed in at-risk mental state individuals (103, 104) and during the first episode of schizophrenia (105, 106) . Taken together, the present findings support more strongly the whole brain-networks hypothesis than the isolated brain circuit theory of schizophrenia (107) .
The neural mechanisms underlying the ketamine-induced fleeting arousal effect may be, in part, those responsible for the initial stage of the rapid-acting antidepressant action of ketamine in patients with drugresistant major depressive disorders (108) (109) (110) , leading us to think that the ketamine effects are statedependent. In addition, the present results suggest that the combined sleep and ketamine models have some predictive validity for the first-stage development of innovative therapies against psychotic, bipolar, and depressive disorders.
